Penicillin-binding proteins (PBPs) of Listeria monocytogenes were detected by their ability to bind to [2,3-3H]benzylpenicillin. Five proteins with M,s of 95,000, 84,000, 80,000, 76,000, and 49,000 were detected. PBPs 1 to 4 had a high affinity for [2,3-3H]benzylpenicillin and were relatively scarce (80 to 150 molecules per cell). In contrast, PBP 5 was more abundant (600 molecules per cell) but had a low affinity for [2,3-3Hlbenzylpenicillin. L. monocytogenes has a relatively high natural resistance to cephalosporins. Competition experiments showed that cephalosporins bound very poorly to PBP 3 but were good inhibitors of PBPs 1, 2, and 4, which were completely blocked at concentrations well below the MIC. Analysis of a spontaneous imipenem-resistant mutant revealed that resistance was likely due to an altered PBP 3 with a reduced affinity for [2,3-3H]benzylpenicillin. These results suggest that PBP 3 is a primary lethal target for ,-lactams in L.
Listeria monocytogenes is a pathogenic gram-positive rod susceptible to natural penicillins, aminopenicillins, carboxypenicillins, ureidopenicillins, carbapenems (imipenem, meropenem) and, to a lesser extent, isoxazolylpenicillins (5) . At present, no penicillin-resistant strains have been detected in clinical isolates, with the exception of the apparently natural resistance to amdinocillin and methicillin found in some strains. On the contrary, L. monocytogenes shows a relatively high natural resistance to monobactams (aztreonam, carumonam) and cephalosporins, in particular, those with a broad spectrum (cefotaxime, ceftizoxime, ceftazidime) (8) . This susceptibility spectrum is similar to that described for the genus Enterococcus, in which it has been related to the pattern of binding of the different compounds to the individual penicillin-binding proteins (PBPs), enzymes involved in the last stages of cell wall synthesis (1) .
The characteristics of the PBPs of L. monocytogenes remain unknown, impeding any attempt to define the molecular basis of the natural susceptibility spectrum of this organism. Data reported in the present work indicate that L. monocytogenes has five PBPs and suggest that PBP 3 may be the lethal target for ,-lactams in this bacterial species.
(A preliminary report of this work was presented at the 10th International Symposium on Listeriosis, Pecs, Hungary, 22 to 26 August 1988.) MATERIALS AND METHODS Bacterial strains and growth conditions. L. monocytogenes L028 serovar 1/2c (3) was used throughout this study. Bacteria were routinely grown at 37°C in brain heart infusion medium (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) with strong aeration. When necessary, the medium was solidified with 1.5% (wt/vol) agar (Difco Laboratories, Detroit, Mich.). Growth was monitored by periodically measuring the optical density at 550 nm of the cultures. Particle numbers were measured in a model ZM Determination of MICs. MICs were determined by the agar dilution method in accordance with the criteria of the National Committee for Clinical Laboratory Standards (4) after 24 and 48 h of incubation at 37°C.
Isolation of imipenem-resistant mutants. Spontaneous imipenem-resistant mutants were selected by spreading 109 CFU over brain heart infusion agar plates supplemented with 2 ,ug of imipenem per ml. After 48 h of incubation at 37°C, the frequency of resistant colonies was 10-7. One resistant clone (L. monocytogenes L028-1) was selected for further characterization.
Purification of cell membranes. Cultures grown to the late logarithmic phase were harvested by centrifugation (10,000 x g, 10 min), suspended in an equal volume of 50 mM sodium phosphate buffer (pH 6.8), and centrifuged as described above. The pellet was suspended to 1/20 the original volume in 50 mM Tris hydrochloride buffer (pH 7.0) and incubated with lysozyme (0.2 mg/ml) for 30 min at 37°C. Protoplasts were disrupted by ultrasonic treatment (30 s at an amplitude of 18 [um) on an MSE sonicator, and unbroken cells were discarded by low-speed centrifugation (5,000 x g, 10 min). Membranes were sedimented by high-speed centrifugation (100,000 x g, 1 h), washed twice by suspension in 50 mM sodium phosphate buffer (pH 6.8), and centrifuged again as described above. The last pellet was resuspended in the same buffer at a protein concentration of 6 To check this postulate experimentally, we selected spontaneous imipenem-resistant mutants by directly plating aliquots of a growing culture of L. monocytogenes onto agar plates supplemented with imipenem at 2 jig/ml (40 times the MIC). Imipenem had a very high affinity for all the PBPs; therefore, the development of resistance should probably be accompanied by a drastic alteration of the binding properties of the essential protein(s).
Imipenem-resistant mutants appeared at a high frequency, about 10-7, when selected at an imipenem concentration of 2 ,ug/ml (40 times the MIC). One of them, L. monocytogenes L028-1, was checked for resistance to other 1-lactams and was found to be resistant to ampicillin (MIC, 1.6 ,ug/ml), piperacillin (MIC, 8 ,ug/ml), cephalothin (MIC, 8 jxg/ml), and benzylpenicillin (MIC, 0.5 ,ug/ml). The MICs were between 8-and 10-fold higher than those for the parental strain ( Table  1) . The growth and morphology of strain L028-1 in liquid medium were essentially unaffected by imipenem at 2 ,ug/ml. Determination of the affinities for [3H]benzylpenicillin of PBPs from the imipenem-resistant strain L028-1 revealed a marked decrease in the binding of PBP 3 to the radioactive P-lactam (Fig. 3) . Whereas saturation of the wild-type PBP 3 was apparently reached at 0.08 ,jg/ml, binding to the mutant PBP 3 was barely noticeable at 1.25 ,ug/ml and was still well below saturation at 5 ,ug/ml. The same effect was observed when imipenem was used in competition experiments. In the resistant mutant, PBP 3 was, in fact, the only PBP with a lower affinity for this P-lactam molecule (IDg, 1 ,ug/ml The properties of the imipenem-resistant strain L028-1 further support the theory that PBP 3 is a critical protein in the response of L. monocytogenes to ,-lactams. Resistance in this strain could be traced to an altered PBP 3 with a reduced affinity for [3H]benzylpenicillin. In fact, L028-1 was able to grow normally in the presence of imipenem at concentrations inhibiting all PBPs except PBP 3.
The results discussed above suggest that PBP 3 is an essential protein in the sense that this protein is able to support the normal growth of L. monocytogenes by itself and therefore becomes the lethal target for P-lactams when the other PBPs have been inhibited. Unfortunately, the information available at present is insufficient to decide whether the inhibition of PBP 3 alone would be lethal to the cell.
As has been indicated before, Listeria and Enterococcus spp. exhibit similar patterns of susceptibility to ,B-lactams. Interestingly, this similarity can now be traced to the properties of the PBPs of both bacterial groups. In fact, apart from a resemblance in the electrophoretic patterns of PBPs, representatives of both groups, L. monocytogenes and Enterococcus faecium, have a PBP which has an Mr of about 80,000 and which is particularly refractory to binding cephalosporins as well as monobactams; mutations in this protein can confer high-level resistance to certain P-lactams (1, 2) .
Resistance to penicillins or carbapenems has not been detected during treatment of infected patients. Nevertheless, our results suggest that resistance may arise following treatment with carbapenems, making advisable the survey of unexpected P-lactam resistance in clinical isolates of L. LITERATURE CITED
